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Evolving under constant threat from invading microbes, macrophages have acquired multiple means of
killing bacteria. In this issue of Cell Host & Microbe, Botella and colleagues (Botella et al., 2011) describe
a novel antimicrobial mechanism based on elevated levels of intraphagosomal Zn2+ and the corresponding
induction of bacterial genes to ameliorate this host-derived stress.There are few interorganismal interactions
that are more intimate than the one
betweenapathogen that causes a chronic
infection and its host. Such an interaction
molds the evolution of both partners so
that all antimicrobial strategies acquired
by the host are countered by avoidance
or neutralization mechanisms developed
by the pathogen. The ‘‘success’’ of either
organism depends on the relative balance
of these responses.
The paper by Botella and colleagues
(Botella et al., 2011) in this issue of Cell
Host & Microbe documents an anti-
microbial mechanism that is induced in
the macrophages upon infection by
Mycobacterium tuberculosis (Mtb). The
macrophage releases free Zn2+ from
intracellular stores, which is then pumped
into the newly formed phagosome raising
the intraphagosomal Zn2+ concentration
to levels that would limit growth of Mtb.
In response, Mtb upregulates expression
of the P-type ATPase-encoding gene
ctpC, which regulates the intrabacterial
levels of Zn2+ through efflux of the metal
ion. Mtb deficient in expression of this
transporter exhibited impaired intracel-
lular survival. The key steps in this pro-
cess are summarized in Figure 1.
Using FluoZin-3 (FZ3), a probe specific
for free Zn2+, the authors demonstrated
that Zn2+ is rapidly released from intracel-
lular stores following infection with Mtb. A
similar mobilization of intracellular Zn2+
stores was also observed upon infection
with E. coli, suggesting that the macro-
phage was being stimulated through
its innate immune receptors, such as
Toll-like receptors. Intriguingly, known
inhibitors of the NADPH oxidase, which
generates the reactive oxygen intermedi-
ates (ROIs) induced during the phagocy-tosis of particles such as Mtb, blocked
the release of free Zn2+, implicating reac-
tive oxygen intermediates in the release of
free Zn2+ (Andrews, 2000). The exact
pathways leading to the mobilization of
these intracellular stores of Zn2+ would
be an interesting area for future study.
Recently, it has been suggested that
Mtb actively downregulates the produc-
tion of ROIs through bacterial NADH
dehydrogenase activity, which has the
potential to reduce both the reactive
oxygen species and the release of Zn2+
from the host cell mitochondria (Miller
et al., 2010).
The authors exploited some elegant
histochemistry to localize those regions
enriched for free Zn2+ in both the macro-
phages and the intracellular bacteria at
the ultrastructural level. Stoltenberg and
colleagues developed an autometallo-
graphic technique whereby fixation in
the presence of sodium sulfide induces
the formation of zinc-sulfur crystals that
can be enhanced by silver (Stoltenberg
et al., 2005). Using this method, Botella
and coworkers observed that, following
infection, silver crystals were visible in the
host cell within the mitochondria, within
endocytic compartments and associated
with the inner face of the plasmalemma
(Botella et al., 2011). In the bacterium
they identified three distinct patterns of
localization. Silver crystals were seen
associated with the surface of the bacte-
rium, within a region that likely corre-
sponds to the periplasmic space, and
within the cytoplasm of the bacterium.
This latter localization was seen more
frequently in bacterial cells that appeared
compromised, implying the increased
Zn2+ concentration correlated with bacte-
rial death. This hypothesis was substanti-Cell Host & Microbe 10, Seated further by comparison between
wild-type Mtb and a mutant bacterial
strain deficient in expression of CtpC,
the P-ATPase transporter associated
with the efflux of Zn2+. When macro-
phages were infected with both strains,
there were significantly more zinc-sulfur
crystals seen in the cytosol of the mutant.
The increased concentration of free
Zn2+ in the bacteria-containing phago-
somes is consistent with a previous study
by Wagner and colleagues, who docu-
mented elevated levels of metal ions
in Mtb- and M. avium (Mac)-containing
phagosomes, measured by hard X-ray
microprobe (Wagner et al., 2005). The
levels of both Fe2+ and Zn2+ exhibited
interesting deviations from the extracel-
lular concentrations. The Mtb- and Mac-
containing phagosomes possessed ele-
vated levels of Fe2+. This is consistent
with previous reports demonstrating the
cycling of the iron-binding protein trans-
ferrin through the Mtb-containing vacuole
(Clemens andHorwitz, 1996; Sturgill-Kos-
zycki et al., 1996), and transcriptional
profile studies that indicate that Mtb is in
an iron-replete environment (Homolka
et al., 2010; Tailleux et al., 2008). Mtb
defective in the synthesis of iron-chelating
siderophores do not exhibit this increase,
suggesting that the bacterium is respon-
sible for sequestering Fe2+ within the
phagosome (Wagner et al., 2005). Treat-
ment of macrophages infected with Mac
with TNF-a, which impairs bacterial
survival, neutralized the increase in intra-
vacuolar Fe2+. In contrast, the concentra-
tion of Zn2+ was elevated most markedly
in the phagosomes containing the aviru-
lent mutant Mtb defective in siderophore
production and in Mac-containing phago-
somes following activation of the hostptember 15, 2011 ª2011 Elsevier Inc. 181
Figure 1. This Diagram Illustrates the Sequence of Events that Lead to Increased Zn2+ Concentration within the Mycobacterium
tuberculosis-Containing Phagosome, and the Subsequent Upregulation of Both Host and Bacterial Genes in Response to Free Zn2+
During phagocytosis of Mtb the NADPH oxidase complex is formed on the phagosomal membrane and generates reactive oxygen intermediates (ROIs). These
ROIs signal back on the host cell and induce release of free Zn2+ from intracellular stores, such as the mitochondria. The free Zn2+ is transported into the Mtb
vacuole and other endosomal compartments through unknown Zn2+ transporters. Within the phagosome, this increase in free Zn2+, which is potentially toxic
to Mtb, is countered through the upregulation of the bacterial Zn2+ efflux pump CtpP. Within the host cell, the increase in cytoplasmic Zn2+ induces the migration
of metal-regulatory transcriptional factor-1 (MTH1) to the nucleus where it upregulates transcription of genes encodingmetallothioneins and the Zn2+ efflux pump
ZnT1. ZnT1 is assembled in the plasmalemma and pumps free Zn2+ out of the infected cell.
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From these data it is clear that Fe2+
concentration correlates positively with
bacterial fitness, while Zn2+ concentration
correlates negatively with bacterial fit-
ness. However, the significance of these
observations was not apparent at the
time of the earlier publication by Wagner
and colleagues but is brought sharply
into focus by the current study of Botella
and coworkers, who identify Zn2+ loading
as a host-mediated antimicrobial re-
sponse. The route by which Zn2+ gets
into the phagosome remains to be
determined.
Previous transcriptional profiling of
both Mtb and the host cell in macrophage
infection models had demonstrated the
strong and coordinated upregulation of
expression of genes linked to heavy metal
poisoning or the response to excess free
metals in both cells (Homolka et al.,
2010; Tailleux et al., 2008). Upon entry182 Cell Host & Microbe 10, September 15, 2into macrophages, Mtb markedly up-
regulated expression of several P-type
ATPases commonly associated with the
efflux of free metal ions such as Zn2+ or
Cu2+, and the induction of expression of
two of these genes, cptG and cptC, was
enhanced by increased Zn2+ concentra-
tion in vitro. Mutant Mtb deficient in the
expression of one of these putative trans-
porters, CtpC, accumulated Zn2+ in cul-
ture and, as discussed previously, inside
macrophages. On the host cell side, the
macrophage showed enhanced expres-
sion of metal toxicity-linked genes such
as the metallothioneins, and the Zn2+
exporter ZnT1. In addition, the infected
cells demonstrated translocation of the
metal-regulatory transcription factor-1
(MTF1) from the cytosol to the nucleus
where it binds to the regulatory regions
of known genes involved in controlling
metal-mediated stress (Andrews, 2001).
These data argue strongly that the re-011 ª2011 Elsevier Inc.lease of free Zn2+, induced upon bacterial
infection, is impacting the biology of both
organisms.
All these data generate a compelling
story of a novel antimicrobial mechanism
and Mtb’s response to ensure its con-
tinued survival. However, one area where
this story is less clear is the phenotype of
the ctpC-deficient mutant. This mutant
exhibited a reduced capacity to survive
in human macrophages in culture, and
the phenotype could be complemented
upon ectopic expression of ctpC. In
contrast, the mutant lacked any pheno-
type upon infection of wild-type Balb/C
mice. This indicated that either the
bacteria had compensatory mechanisms
that were not invoked in in vitro macro-
phage infections, or that there was a
host difference between themouse in vivo
infections and the human macrophage
infections in culture. There is a history of
literature documenting the disparities
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circuits in human versus mouse macro-
phages, and this may simply be another
divergence of note.
To demonstrate that the induction of
free Zn2+ and its delivery to the phago-
some has broad significance as an antimi-
crobial response, the authors looked at
the survival profiles of wild-type E. coli
versus a mutant strain in which the zinc
efflux ATPase, ZntA, had been inacti-
vated. Upon uptake into host phagocytes,
both strains induced release of free Zn2+,
which was seen to concentrate in the
bacteria-containing vacuoles. The rate of
killing of the wild-type bacteria was mark-
edly slower than the zntA-deficient
mutant. These data provide an indepen-
dent validation of the hypothesis that
the generation of free Zn2+ upon stimula-
tion by microbial insult, coupled with its
delivery into the phagosome, represents
a novel strategy to eradicate intracellular
pathogens.Several obvious questions remain. How
do the ROIs induce release of Zn2+?
Which transporters deliver the Zn2+ into
the phagosome? How does Zn2+ intoxi-
cate these bacteria? Andwhat is the basis
of the disparity between the human
macrophage infections and the murine
infection? However, none of these ques-
tions detract from the appeal of these
data and the underlying hypothesis,
whereby the concentration of the essen-
tial metal ion, Zn2+, is manipulated by
the host to impact the success or failure
of an intracellular infection.REFERENCES
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